It has recently been reported that plasmalemma electron transport may be involved in the generation of H' gradients and the uptake of ions into root tissue. We report here on the influence of extracellular NADH and ferricyanide on K' (MRb+) influx, K' ("Rb') efflux, net apparent H' efflux, and 02 consumption in 2-centimeter corn (Zea mays 1A632 x Oh43j) root segments and intact corn roots. In freshly excised root segments, NADH had no effect on 02 consumption and K' uptake.
In plant cells, it is generally accepted that solute uptake is energized by the hydrolysis of ATP via plasmalemma-bound ATPases. In particular, it has been hypothesized that the operation of a H+-translocating ATPase generates an electrochemical potential gradient for protons which is used for the uptake of both ions and organic molecules ( 14, 15) . However, evidence has been presented that also implicates a plasmalemma-bound redox chain for the generation of H+ gradients, without the direct involvement of ATP (4, 5, 9, 21, 23) .
Several redox systems have been identified in the plasma membranes of bacteria and animal cells that appear to be involved in transport processes. In bacteria, it has long been recognized that amino acid uptake is coupled to electron flow (17) . In animals, it is generally believed that amino acid uptake is linked to Na+ influx; the Na+ gradient is believed to be generated by the Na+, K+-ATPase. However, a redox-driven ' Supported by National Science Foundation Grant PCM 8117721 to W.J.L. and by a Graduate Research Fellowship and a Jastro-Shields
Research Award to L.V.K. amino acid transport system has been described by GarciaSancho et al. (10) . More recently, a transmembrane redox chain has been demonstrated in ascites tumor cells. This redox system appears to be involved in the generation of a Na+ gradient used for amino acid uptake (30) . When external NADH was used as an electron donor and phenazine methosulfate as an electron acceptor, a 2-fold increase in amino acid uptake was observed.
The involvement of a plasmalemma electron transport chain in plants has been suggested by several researchers. Novak and Ivankina (27) postulated that a redox chain exists in the plasmalemma of Elodea and Vallisneria which may function to drive uptake via the generation of a proton gradient. Craig and Crane (4, 5) have shown that cultured carrot cells reduce external ferricyanide. Furthermore, they have observed an increase in net apparent H+ efflux during ferricyanide reduction. Thus, they suggested that a transmembrane electron transport chain in carrot cells may be involved in the control of cell growth via modulation of membrane transport. Recently, this group has shown that when carrot cells oxidize external NADH, a moderate stimulation of K+ influx was observed (25) . They postulated that a plasma membrane redox system operates in close association with the plasmalemma H+-ATPase to exert an influence on K+ transport.
In studies involving protoplasts isolated from corn roots, Lin (21-23) has presented evidence for a redox chain located in the plasmalemma of corn root cortical cells. He found that external NADH tripled 02 consumption in corn root protoplasts, while causing a 2-to 3-fold increase in K+ influx, a marked stimulation of H+ efflux, and a moderate hyperpolarization ofthe membrane potential. Lin also reported that application of external NADH to excised corn root segments stimulated K+ influx. However, the degree of stimulation of 02 consumption and K+ influx was much less than he reported for his corn root protoplasts. Finally, extracellular ferricyanide reduction has been observed with intact roots of both corn and oats (9, 29) . Federico and Giartosio (9) found that during ferricyanide reduction by corn roots, a very mild stimulation of net apparent H+ efflux was detected. Rubinstein et al. (29) have recently presented evidence indicating that oat roots can reduce external ferricyanide and oxidize external NADH. Furthermore, the presence of both NADH and ferricyanide resulted in redox reactions that were greater than the sum of the rates due to either reagent alone. They have speculated that several electron transport systems may be present in the plasma membrane of oat roots.
In recent studies on the kinetics of K+ transport into corn roots, we have presented data consistent with uptake being due to the combined effect of a saturable and a first-order kinetic process (18, 19 (21, 23, 25) . These seemingly contradictory results suggest that the interactions between cell surface redox reactions and ion transport processes are more complex than previously postulated and a caveat will be made concerning the simplistic interpretation of such results.
MATERIALS AND METHODS Plant Material. Zea mays seeds (A632 x Oh43, Crows Hybrid Corn Co., Milford, IL) were imbibed, germinated, and grown by the methods previously outlined (18) . Seedlings were either grown on a 0.2 mM CaSO4 solution (low salt conditions) or 0.2 mM CaSO4 + 5 mm KCI (high salt conditions). Primary roots of 3-through 7-d-old seedlings were used.
Alternatively, corn seedlings were grown in glass trays which contained several layers of Whatman No. 1 filter paper saturated with 0.1 mm CaC12. The trays were covered with plastic food wrap that was perforated in order to allow for gas exchange. The seedlings were grown in the dark for 3 d at 23°C; additional 0.1 mM CaCl2 was added to the filter paper as needed. The roots from these seedlings will be referred to as 'towel-grown' roots, in contrast to the 'solution-grown' roots that are normally used.
K4 Influx Experiments. Short-term (15 min) 86Rb4 influx experiments were performed using 2-cm root segments as detailed previously (18) . Briefly, experiments were performed either with 2-cm root segments cut from the 1st through 8th cm of the primary root or with intact seedlings. Uptake was initiated by the addition of 86Rb4 (as RbCl, New England Nuclear Corp.) and terminated by the vacuum withdrawal of radioisotope solution. Free space radiolabel was removed by two 8-min washes in ice-cold 0.5 mm CaSO4 + 1 mm KCI. We have found that a 16-min wash in ice-cold desorption solution removed approximately 95% of the free space radiolabel while exchanging only about 5% of the intracellular label.
In experiments examining the effect of external NADH or ferricyanide on K+ influx, the protocol was identical with that previously described (18) . Solutions containing NADH were always freshly prepared to prevent the possible formation of enzyme inhibitors (8) . During the 1 5-min influx period, 1.5 mm Na2NADH or 1 mM Na3FE(CN)6 was included in all uptake solutions. Additionally, 3 mM NaCl was added to the uptake media for the controls.
K+ Efflux Experiments. Studies examining the influence of NADH and ferricyanide on K4(86Rb4) efflux from excised roots were performed as previously outlined (18) . Briefly, roots of intact high salt-grown seedlings were allowed to accumulate 86Rb4 from a solution containing I mm KCI, 1 mm Mes buffer (pH 6.5), 0.2 mm CaSO4, and 86Rb4 (approximately 0.2 ,Ci/ml) for 24 h until isotopic flux equilibrium was achieved. The terminal 10 cm of the preloaded roots were excised. The cut ends of four roots were then threaded into narrow bore polypropylene tubes cemented into a Plexiglas plate and sealed with vacuum grease. The four roots (approximately 0.3 g) were briefly washed to remove surface radioactivity and then lowered into the effiux chamber containing 50 ml of the efflux solution. This solution consisted of 1 mm KCI, I mm Mes (pH 6.5), 0.2 mM CaSO4, and either 1.5 mM Na2NADH, 1 mm Na3Fe(CN)6, or 3 mm NaCl. The efflux solutions were continuously aerated. At predetermined times, the efflux solution was drained through a valve located in the base of the efflux chamber and 50 ml of fresh solution were added. The efflux data were analyzed according to the methods outlined previously (18 4 h washed corn root segments (high salt status). Uptake solutions contained 1.5 mM Na2NADH for NADH-treated roots, while 3 mM NaCI was included in all control uptake solutions. All data points in this and subsequent figures are the average of four replicates and error bars are ± SE. (Points which lack error bars do so because SE were smaller than symbols used.) It should be noted that root salt status had no effect on the NADH-and ferricyanide-associated responses presented in this and subsequent figures.
caused a significant inhibition of K+ influx at all K+ concentrations examined (0.1-10 mM). Both the saturable and linear components were inhibited, the saturable component was reduced to a greater degree than the linear K+ uptake system. Thus far it is apparent that NADH was influencing 02 consumption and K4 influx differently in our solution-grown roots than in the corn root segments and protoplasts utilized by Lin, which were grown on paper towels saturated with dilute CaCl2 solution. To investigate this difference, corn roots were grown and handled according to the published methods of Lin (21, 22) . The influence of 1.5 mm Na2NADH on both 02 consumption and 86Rb4 uptake in freshly cut and 4-h washed root segments was examined (Table II) . The results were nearly identical to those previously observed in our solution-grown roots. In freshly cut roots, NADH had no influence on either 02 consumption or K+ influx. However, after a 4-h wash, NADH elicited a moderate (30%) stimulation in 02 uptake and a 60% reduction in K+ influx. It is also interesting to note that in freshly cut roots, K+ influx was quite low (1.2 ,mol g fresh weighr' h-') in comparison to roots washed for 4 h (3.4 gmol g fresh weight-' h-').
However, after addition of NADH to 4-h washed roots, K+ uptake was reduced to values comparable with those observed in freshly cut roots.
Ferricyanide (as Na3Fe(CN)6; 1 mM) had a similar inhibitory effect on K4 influx in 4-h washed root segments (Fig. 2) . However, the kinetic profile following exposure to ferricyanide was different from that obtained after NADH treatment. The saturable component was inhibited dramatically, and exhibited a linear response in the concentration range dominated by the saturable transport system (0.1-1.0 mM). Furthermore, the linear component was unaffected by ferricyanide. A similar response was previously observed for K+ uptake kinetics when corn roots were exposed to the nonpenetrating sulfhydryl reagent, PCMBS2 (18) . Finally, it was observed that ferricyanide had no effect on K+ influx in freshly cut roots; a result quite similar to that presented above for NADH.
Influence of NADH and Ferricyanide on K' Efflux. Because of the inhibitory effect of these redox agents on K+ influx, experiments were performed to determine their influence on K+ (86RbV) efflux. Excised roots were loaded with 86Rb4 for 24 h until isotopic flux equilibrium was achieved, and then efflux of 86Rb4 was monitored for the next 9 h in solutions containing 1 mM KCI (pH 6.5) in addition to either 1.5 mM Na2NADH, 1 mM Na3Fe(CN)6, or 3 mM NaCl (control). Both the efflux kinetic parameters and efflux values for various time intervals are presented in Table III The operation of these redox systems seems to require a 4-h wound recovery period. In previous studies on excision and ion uptake, it was suggested that protein synthesis during the washing period was necessary for the recovery of ion uptake (20) . Therefore, cycloheximide (10 ;ig/ml) was included during the 4-h wash, and its effect on the NADH-mediated stimulation of 02 consumption and inhibition of K+ influx was examined (Table IV) ing that protein synthesis is necessary for the operation of the redox chain following excision shock. It also appeared that washing in cycloheximide prevented the increase in K+ uptake normally seen during a postexcision wash, as has been previously documented (20) . It should be noted that 02 consumption in cycloheximide-treated roots was approximately 25 to 40% lower than that observed in freshly cut or 4-h washed roots.
Ifcycloheximide was included in the excision recovery solution during expenments examining the kinetics of K uptake in high salt roots, influx was greatly reduced (cf. Fig. 1 and Fig. 3A) Figure 1 . B. Immediately following excision, roots were allowed to absorb 86Rb+ from standard KCI uptake solutions with and without 1.5 mm Na2NADH. Three mm NaCl was included in all control uptake solutions. It should be noted that the -NADH kinetic curves in A and B are not equivalent to the control curve in Figure 1 . Both -NADH curves in Figure 3 are comparable in influx value to the NADH-treated kinetic curve in Figure 1. observed when roots given a standard 4-h wash were treated with NADH (cf. Figs. I and 3A) . These results suggest that NADH elicits a response in washed roots that is similar to the 'wounding response' observed when intact roots are excised.
This possibility was further examined by studying the influence of NADH on K+ uptake kinetics in freshly cut, high salt roots (Fig. 3B) . As illustrated above, NADH again had very little influence on K+ influx in freshly cut roots. The kinetic profiles (± NADH) again exhibited reduced influx values similar to those presented for cycloheximide-treated roots and for NADH-treated roots that had been handled in the standard fashion.
It has been well documented that corn roots can be 'wounded' via a number of different perturbative treatments (excision, cold shock, mechanical pressure), which results in a rapid reduction of ion influx and H+ efflux. During a subsequent 4-h wash, ion transport capacity increases to a steady state value similar to that observed in intact roots (11) (12) (13) 20 The solutions used for the measurement of K+ influx and H+ efflux consisted of 1 mm KCI, 0.2 mm CaSO4, and 1 mm Mes (pH 6.5). A, Root segments were excised and then washed in the solution described above. At the various times, root segments were removed from the wash solution and used to measure K+ influx and H+ efflux. After the 4-h wash, K+ influx was also measured from an uptake solution that contained 1.5 mM Na2NADH (A). B, Intact roots were exposed to 1.5 mM Na2NADH (in a solution containing 1 a Test solution consisted of 1 mM KCI, 1 mM Mes (pH 6.5), 0.2 mM CaSO4, and 3 mM NaCI (except for NADH and Fe(CN)6-3 solutions which contained 3 mM Na+ from the 1.5 mM Na2NADH and 1 mM Na3Fe (CN)6, respectively) . the other would result in little or no effect following ferricyanide treatment.
Finally, in conjunction with the studies on the recovery of K+ influx from excision and NADH 'perturbation', the recovery of net apparent H+ efflux following the same treatments was examined (Fig. 4, A and B) . In both cases, an initial increase in H+ efflux was observed 15 min after the particular treatment. However, excised roots often exhibited a gradual decline in H+ efflux during the subsequent 4-h wash, while in NADH-treated intact roots, H+ efflux continued to increase over the next 3 h before declining to initial H+ efflux values (pre-NADH). Similar results with excised corn roots have been observed ( 12) . In light of the observation that K+ influx steadily increases (recovers) over the same period, it may be suggested that K+ influx and H+ efflux, or at least net apparent H+ efflux, are not tightly coupled. However, because several different transport and metabolic processes can contribute to root-mediated pH changes in the external solution, these data are not easily interpreted. The complexities involved in interpreting H+ efflux data will be considered in more detail in the discussion. However, these mechanistic interpretations, which have been based on H+ efflux data may be complicated by the fact that other processes can influence external pH, such as CO2 evolution from respiration, organic acid efflux, or influx processes which consume protons (i.e. sugar or amino acid uptake). DISCUSSION Perturbative Effects of NADH and Ferricyanide. The results presented here offer support for the previously developed hypothesis that corn roots can oxidize exogenous NADH and reduce ferricyanide, presumably via one or more plasmalemmabound redox systems. It appears that the wounding induced by root excision is sufficient to 'turn ofP the operation of a system that transfers electrons from NADH to 02, and that protein synthesis during the subsequent recovery wash may be necessary in order for this redox chain to function. Furthermore, it appears that this system is intimately involved in ion transport across the plasmalemma. Whenever NADH oxidation was detected (increased 02 consumption), a significant inhibition of both K+ influx and net H+ efflux was always observed. These results are difficult to interpret but suggest that plasmalemma electron transport chains may be involved in regulation of ion transport, rather than as an energy-transducing system for transport.
We were quite perplexed that our results were in direct opposition to those published by Lin (21, 23 ).Where we found that NADH dramatically inhibited ion uptake and H+ efflux, Lin found a significant stimulation. Furthermore, Lin reported a 300% stimulation of 02 consumption in protoplasts and a 100% stimulation in root segments, when NADH was added to the tissue. In our washed root segments, we never observed a stimulation of 02 consumption greater than 30%. When such different results are obtained with a seemingly similar system, the obvious approach is to analyze any differences in experimental technique. One major difference was in the methods used to grow the corn seedlings. As mentioned above, the tissue Lin used was grown on paper towels saturated with dilute CaCl2 solution. Three-d-old seedlings were used, and 0.5-cm segments were cut from the region 0.5 to 2.5 cm from the tip. We used seedlings grown on 4-L beakers containing aerated dilute salt solutions.
For our experiments, 5-d-old seedlings were used, and 1-or 2-cm segments were excised from the region 1.0 to 9 cm from the tip. However, in experiments with corn seedlings grown and handled by techniques identical to those detailed by Lin (21, 22) , we again observed a mild stimulation of 02 uptake and a significant inhibition of K+ influx (see Table II (29) have identified three different redox activities at the surface of oat roots that involve NADH and ferricyanide. They speculated that reduction of exogenous ferricyanide by endogenous reductant is mediated by a separate redox system that appears to be associated with proton secretion. This system may be involved in the reduction of extracellular iron, as it has been recently suggested that extracellular iron is reduced by a plasma membrane redox system prior to iron uptake (28) . Furthermore, Rubinstein et al. (29) tentatively suggest that the other redox activities, i.e. the transfer of electrons from either NADH to ferricyanide or 02 involves a separate redox system. This system may alter ion transport processes possibly by altering the redox state at the plasmalemma.
It is possible that one or more of the redox chains examined in the present study are not involved in the generation of a proton gradient, as previously believed. Oxidation-reduction reactions and changes in cellular redox potential have been implicated in a number of cellular processes. L6w and Crane (24) have speculated that plasmalemma redox components could be involved in altering the oxidation-reduction state at the plasmalemma, and thus could help to modulate cellular functions. Additionally, evidence has been presented for the existence of a flavin Cyt protein complex in plant plasma membranes that has an absorption spectrum similar to that for phototropism (1, 16, 26) . This flavo-protein also appears to be responsible for NADH oxidase activity in the plasmalemma. These results suggest that the blue light response observed in plants may be mediated by an electron transport chain in the plasmalemma of plant cells. Thus, we presently believe that the available experimental evidence is consistent with the hypothesis that cell surface redox reactions are involved in the regulation of ion transport, and may mediate the wound response that has been so well documented for uptake into excised roots.
Relationship between H' Efflux and K' Uptake. BecauseH+ efflux is often directly linked toK+ influx, we were surprised by our findings that although ferricyanide always inhibitedK+ influx, net apparentH+ efflux was either unaffected ormoderately stimulated. Other researchers have detected ferricyanide reduction in yeast, carrot suspension cells, and corn roots, and in each case have observed a mild stimulation ofH+ efflux (4, 7, 9) . These workers have speculated that a plasmalemma redox system may operate to transfer both e-andH+ across the plasmalemma, thus generating aH+ gradient which can be used to drive other transport processes. A further inconsistency in the stoichiometry betweenH+ efflux andK+ influx was found when we conducted experiments under different levels of K+. Increasing the external K+ from 0.2 to 10 mm resulted in a doubling of H+ efflux from 4 .71 to 9.19 gmol/g fresh weight h (Table V) protoplasts-h. The tremendous differences in the values for I-P efflux and K+ influx make mechanistic interpretations tenuous. Wounding Phenomenon. An additional level of complexity exists when one must consider the interaction of wounding with ion transport. When experiments were conducted on freshly excised wounded roots, no NADH stimulation of 02 uptake or inhibition of K+ influx was detected. Only when roots were allowed to recover from excision were these responses observed. It has been well documented in the literature that root excision and other perturbations, such as cold shock or mechanical pressure, cause a reduction in ion influx and H+ efflux, and during a subsequent washing period, uptake capacity increases to a steady state value similar to that observed in intact roots (2, 3, 1 1-13, 20) . It has been shown that this recovery from excision requires RNA and protein synthesis (20) . In the work presented here, we have demonstrated that protein synthesis was also necessary for the recovery of NADH-stimulated 02 consumption following root excision. Apparently, excision leads to a wounding response of unknown origin, which causes an inhibition of both ion transport and exogenous NADH oxidation. Additionally, the similarities in the inhibition of both K+ influx and H+ efflux following either excision or exposure to NADH, and the similar time courses for recovery of these transport processes following excision or NADH exposure, strongly suggest that NADH elicits a wound response similar to that caused by excision in intact roots or 4-h washed root segments. The nature of these responses is yet to be elucidated, but it is possible that this putative plasmalemma redox system may be involved in the wound response. If NADH is added to roots that have been allowed to recover from excision, K+ influx and H+ efflux are again inhibited to levels comparable to those observed in wounded tissue. In future studies we will attempt to elucidate the mechanism by which this wound response is effected.
